Introduction
[2] Bromoform (CHBr 3 ) may be a major organic source for atmospheric reactive bromine BrO x (Br+BrO) [Quack and Wallace, 2003] . It might supply the majority of BrO x to the upper troposphere and lower stratosphere of the midlatitudes and tropics, contributing to ozone depletion events and trends in these regions [Dvortsov et al., 1999; Sturges et al., 2000; World Meteorological Organization (WMO), 2003] . A synergy between bromine and chlorine [Lary, 1996] , coupled with increased levels of anthropogenic chlorine, implies that natural bromine sources exert a stronger influence on stratospheric ozone now than in the past. Macroalgae in coastal regions [Carpenter and Liss, 2000] and supersaturation of open ocean waters contribute to CHBr 3 -emissions of order 10 Gmol Br yr
À1
. Its short atmospheric lifetime of 2 -4 weeks and spatial and temporal variability in production and sea-to-air flux creates a strongly varying atmospheric CHBr 3 distribution [Quack and Wallace, 2003] . Atmospheric maxima of CHBr 3 are observed in the marine boundary layer (MBL) over both the equatorial Pacific and tropical Atlantic and have been assumed to reflect regionally enhanced biogenic production [Atlas et al., 1993; Class and Ballschmiter, 1988; Schauffler et al., 1999] .
[3] We present here the first combined data set for CHBr 3 from oceanic vertical profiles, surface water and boundary layer air from the tropical Atlantic. The atmospheric distributions are interpreted with air mass trajectories and airsea flux calculations. Oceanic depth profiles and surface water data were correlated with oceanographic parameters, to investigate the sources and emissions of bromoform.
Measurements and Flux Calculation Method
[4] Atmospheric and oceanic CHBr 3 -data were obtained during R/V Meteor cruise #55 (M55: Curacao/Netherland Antilles, 12 October to Douala/Cameroon, 17 November 2002). The cruise comprised a trans-Atlantic section from west to east along 10°N together with 2 mid-ocean northsouth transects to the equatorial upwelling. The ship's track crossed the western oligotrophic Atlantic, touched the northern edge of the Amazon plume, approached the equatorial upwelling at 26°W, and crossed to mesotrophic coastal waters off Guinea. In the westernmost segments of the cruise track and during the meridional transects the ship encountered air masses from the open ocean, whereas in the eastern Atlantic air masses were encountered that had crossed the NW African upwelling and Canary Islands. We subdivided the 12,000 km cruise track into 9 segments (S1-9) on the basis of these varying regimes (Figure 1 ).
[5] Air samples were collected in pressurized stainless steel canisters (34 -36 psi) and were analysed for CHBr 3 at the National Center for Atmospheric Research (NCAR, Boulder, CO, USA) during February and March, 2003 . Procedures involved cryogenic preconcentration and gas chromatography with selective ion mass spectrometric detection . Surface water samples were collected from a continuous sea water supply provided by a submersible pump at 5 m depth. Deep ocean samples were collected from 10 L Niskin bottles, mounted on a 24-bottle CTD-rosette package. All water samples were analysed on board using a purge-and-trap GC/MS analytical system constructed with all-glass transfer-lines and traps. Volatiles were pre-concentrated from 88 ml of a seawater sample using a purge flow of 40 ml He/min for 20 minutes, which was dried with 2 Nafion 1 dryers, with the temperature of the sample being ramped during purging from in situ temperature to 70 -80°C. The volatiles were focused on Poraplot Q (80-100 mesh) at À70°C, and after thermodesorption separated by capillary gas chroma-tography (RTX 1 -VGC column, 0.25 mm, 0.15 mm, 60 m) with detection by mass spectrometry (Finnigan Trace MS) operated in selective ion mode. Quantification of CHBr 3 was performed with gravimetrically prepared external standards diluted in ultra pure water. Air and seawater measurements were intercalibrated. Uncertainties include an estimated deviation of the air and sea water standards of 10% and the analytical precisions of <15% for the air and the sea water measurements. Location of the chlorophyll maximum was determined from the fluorescence profile of a multi-channel fluorescence probe and by pigment-analysis of depth samples, using a modified method of Barlow [Barlow et al., 1997] .
[6] The available air-sea exchange parameterisations result in air-sea fluxes that can differ by a factor of two. We used Wanninkhof's parameterization of the wind speed related gas transfer coefficient, adapted to CHBr 3 [Quack and Wallace, 2003; Wanninkhof, 1992] and the Henry's Law constant of Moore and co-workers [Moore et al., 1995a] for the flux-calculations. Fluxes were calculated from the measured sea surface concentration, local atmospheric mixing ratios and the instantaneous windspeed (1hour means), as well as from segment means. Flux-ranges, given in the text, are based on the above uncertainties.
Results and Discussion
[7] Atmospheric mixing ratios ranged from 0.5 to 27.2 pptv CHBr 3 (Figure 2a ). Mixing ratios of CHBr 3 were strongly correlated with air mass back trajectories, with low levels measured during Northeastern Trades (S1: 0.5 to 1.0 pptv) and Southeastern Trades (S8, 9: 0.9 to 2.0 pptv) that had crossed over the open ocean. At the equator, atmospheric mixing ratios increased to 2.4 -4.4 pptv (S3, 4), similar to the elevated levels (3 pptv) observed over the equatorial Pacific [Atlas et al., 1993; . Northeastern Trades that had passed over or close to West Africa also contained elevated mixing ratios over the open ocean (S2: >3 pptv) reaching >6 pptv at the eastern end of the section (S6, 7). An extremely high level of 25 pptv was analysed at 10°N 19.5°W, which is comparable to 15 pptv measured in 1984 at the same location [Class and Ballschmiter, 1988] .
[8] Additional bromine contributions to the MBL include 2-6 ppt of inorganic Br on aerosol [personal communication A. Baker, 2003 ], 1 -2 ppt Br in the form of inorganic gaseous bromine species [Wamsley et al., 1998 ], 14-15 pptv Br from long-lived organic bromine compounds [Montzka et al., 2003] , and 1 -4 pptv Br carried by other short-lived organics (eg. CH 2 Br 2 , CHBr 2 Cl). CHBr 3 , which shows the largest range in concentration, therefore contributes 7-80% (mean: 26%) of the total bromine in the MBL of the tropical Atlantic.
[9] Sea surface concentrations of CHBr 3 also varied strongly along the cruise track, ranging from 1.4 to 14 pmol L À1 . Elevated concentrations (8 to 14 pmol L À1 ) were measured in equatorial surface waters (S3) where the temperature structure showed evidence of upwelling (Figure 2b ). Elevated concentrations (>10 pmol L
À1
) were also encountered in waters influenced by the Amazon plume (S1) and in shelf waters off Africa (S9). CHBr 3 concentrations showed a strong local inverse correlation with sea surface temperature (SST) close to the equator (Figure 3) .
[10] Overall, the tropical Atlantic Ocean was a source of CHBr 3 for the atmosphere, with a mean flux of 400 (±130) pmol CHBr 3 m À2 hr À1 . The flux distribution was highly non-uniform however, ranging from 1,100 (±330) pmol 
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CHBr 3 m À2 hr À1 into the ocean in the eastern Atlantic (S6, 7) to 2,700 (±800) pmol CHBr 3 m À2 hr À1 out of the ocean in the equatorial region (S3) (Figure 2b ). A few 'hotspots' (<20% of the cruise track) contributed 70% of the total oceanic emissions.
[11] In order to gauge the contribution of local fluxes to the observed mixing ratios in the MBL, we calculated ratios of mean oceanic supply to atmospheric losses for the 9 segments of the cruise track (S1-9; Table 1 ). We assumed a lifetime of two weeks for CHBr 3 with respect to photooxidation [Moortgat, 1993] , a background of 0.7 pptv CHBr 3, a mean MBL-height of 1000 m and a net flux of 350 mol air m À2 hr À1 out of the MBL. The latter is the annual mean vertical uplift of air between 15°N and 15°S [WMO, 2003] . The resulting balance between oceanic supply and atmospheric loss was highly variable. In the Amazon plume (S1), oceanic emissions were 5-fold higher than estimated losses. At the equator (S3, 4), oceanic emissions were sufficient to maintain the elevated atmospheric mixing ratios. In other segments of the cruise track (e.g., S2, S4-6, S8) the ocean could locally support only 3 to 55% of the atmospheric losses, and in the region with the highest air concentrations (S 7) the local ocean was a net sink for atmospheric CHBr 3 (Table 1) . Hence, emissions from the open ocean are significant for the MBL in localized regions, but there are major non-local sources supplying CHBr 3 , particularly to the air masses that cross the NW African upwelling and Canary Islands regions.
[12] CHBr 3 was found throughout the water column, from the surface to 5,000 m, at background concentrations ranging from 2 to 4 pmol L
À1
. Much higher concentrations (14 to 60 pmol CHBr 3 L À1 ) were encountered consistently between 30 and 80 m (Figure 4 ). This maximum lay beneath the mixed layer, within the top of the thermocline, and was closely associated with the subsurface chlorophyll maximum, indicating a local biological source. An exceptionally high concentration of approx. 4 nmol L À1 was measured at a depth of 40 m underneath the Amazon plume, at the interface of the low-salinity waters and more typical tropical ocean waters.
[13] Enhanced CHBr 3 concentrations in open ocean surface waters have generally been associated with the abundance of diatoms [Baker et al., 1999; Klick and Abrahamsson, 1992] , which have been shown to produce CHBr 3 in the laboratory [Tokarczyk and Moore, 1994] . A local production of CHBr 3 in the tropical thermocline may also correspond to the presence of specific organisms found within the chlorophyll maximum, or can be related to the increased abundance of photosynthetic active pigments, bromoperoxidase activity, the availability of organic substrates for CHBr 3 production, to grazing or enhanced microbial activity [Moore et al., 1995b [Moore et al., , 1996 Quack and Wallace, 2003; Theiler et al., 1978] . The estimated air-sea Reported are rates of oceanic supply (mean flux, see Figure 2 ) versus atmospheric loss of CHBr 3 (combined loss due to both in-situ photooxidation and uplift out of the boundary layer, see text for details of the loss rate calculations) for the 9 cruise track segments discussed in the text and shown in Figures 1 and 2 . . Subsurface production thus seems adequate to supply the oceanic emission, which is supported by the distinct coexistence of the CHBr 3 and chlorophyll maxima. Clearly, within the uncertainties of the calculations, we can't rule out production of CHBr 3 in the entire euphotic zone, with trapping beneath the mixed layer.
[14] The inverse correlation of SST and surface CHBr 3 concentrations near the equator indicates that upwelling entrains elevated subsurface CHBr 3 locally into the mixed layer, and may additionally support CHBr 3 sources in the mixed layer. Hence, localised upwelling results in elevated atmospheric mixing ratios of CHBr 3 by linking subsurface processes directly with the atmosphere. We hypothesise that a similar link between high sea-to-air fluxes and upwelling of subsurface bromoform and surface production in the NW African upwelling is responsible for the very high levels of CHBr 3 measured in air masses that had crossed NW African coastal regions (S2, 6, 7).
Conclusions
[15] The results from our expedition contradict certain key assumptions about the marine sources of CHBr 3 . In the absence of sufficient measurements, modelling studies of the stratospheric supply of Br from CHBr 3 have assumed a spatially uniform oceanic source for CHBr 3 [Dvortsov et al., 1999; Nielsen and Douglass, 2001] . Our data show that the sea-to-air flux is strongly localised, and includes intense emissions in tropical open ocean regions where Br can be transported rapidly to the troposphere-stratosphere boundary. Although coastal macroalgae are undoubtedly important global sources [Carpenter and Liss, 2000] , our measurements show that there is also widespread production within the open ocean that can support elevated atmospheric CHBr 3 levels. Equatorial upwelling connects a subsurface biological production to the supply of Br to the tropical marine atmosphere, by vertical transport from the thermocline and possibly by supporting local production in the mixed layer. Similar pathways may underlie the very high CHBr 3 levels measured in air masses that had crossed over the NW African upwelling region. Our findings highlight the possibility that changes in climate and surface winds could contribute to the variability of the supply of Br to the tropical lower stratosphere [WMO, 2003] via changes in upwelling intensity [Bakun, 1990] .
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